Background. The emergence and dissemination of multidrug-resistant organisms (MDROs) is a global threat. Characterizing the human microbiome among hospitalized patients and identifying unique microbial signatures among those patients who acquire MDROs may identify novel infection prevention strategies.
The emergence and dissemination of multidrug-resistant organisms (MDROs) is a well-recognized health threat [1] . Compared with infections caused by antimicrobial-susceptible bacteria, those caused by MDROs are associated with 2-5 times higher mortality rates and contribute to a substantial economic burden [2] . Despite the ongoing implementation of infection control strategies, rates of MDROs continue to rise, indicating that novel approaches to curb acquisition and dissemination are needed [3, 4] .
The human microbiome plays an important role in protecting the host from de novo colonization with exogenous pathogenic bacteria [5] . This colonization resistance is disrupted by exposure to antimicrobials, a leading risk factor for MDRO acquisition [6] . Advances in sequencing technologies and bioinformatic tools have allowed detailed analyses of the microbiome and have begun to uncover the contribution of specific microbial populations to the acquisition of pathogens such as Clostridium difficile and vancomycin-resistant enterococci (VRE) [7, 8] . Reintroduction of specific microbial populations has also been associated with protection against colonization with pathogenic bacteria [9] . Understanding the specific microbial community characteristics that may predispose to or prevent MDRO acquisition may lead to the development of novel infection control strategies.
In the current study, we hypothesized that hospitalized patients have reduced microbial diversity compared with healthy controls and that there are particular microbial signatures that can identify patients at high risk of MDRO acquisition. We tested these hypotheses by comparing the fecal microbiota of healthy and hospitalized subjects, with special reference to those who acquired MDROs during their hospital stay.
METHODS

Study Population
The study population consisted of adult patients hospitalized on 5 medical-surgical floors in a 649-bed, tertiary center in Boston, Massachusetts. The exclusion criteria eliminated (1) patients who were discharged before completing the study and in whom follow-up swab samples could therefore not be obtained, (2) patients in whom perianal/rectal cultures could not be obtained (colostomy or rectal bags), and (3) patients in whom the baseline rectal sample was not successfully sequenced. The hospital's institutional review board approved the protocol, and informed consent was obtained from all subjects before specimen and data collection.
Patient Screening and Data and Specimen Collection
Participants were identified using the hospital's electronic medical record system. If the patient agreed to participate, a first visit was performed within 48 hours of their admission, at which time clinical and epidemiological data and an initial rectal sample (baseline sample) were collected. A second visit, just before hospital discharge, was performed to collect data from their hospitalization and a second rectal sample (follow-up sample). Study data, including patient demographics, medical history, and history of antimicrobial exposure, were collected using the study hospital's electronic medical records and managed using REDCap (Research Electronic Data Capture) [10] .
Baseline and follow-up specimens were processed for MDROs (methicillin-resistant Staphylococcus aureus, VRE, and multidrug-resistant gram-negative bacteria). Multidrugresistant gram-negative bacteria were defined as gram-negative bacteria resistant to ≥3 of the following antimicrobials: ampicillinsulbactam or piperacillin-tazobactam, ceftriaxone or ceftazidime (ceftazidime only for Pseudomonas spp.), ciprofloxacin, gentamicin, and meropenem. MDRO acquisition was defined as occurring in a patient in whom MDROs were not identified in the baseline specimen but were found in the follow-up specimen.
Subjects were classified into 4 mutually exclusive groups, according to in-hospital antimicrobial exposure and MDRO status (Table 1) . Group 1 included patients not exposed to antimicrobials during their hospitalization and not colonized with MDROs either at baseline or follow-up; group 2, patients exposed to antimicrobials in whom MDRO were recovered at follow-up but not at baseline (MDRO acquisition); group 3, patients exposed to antimicrobials who were colonized with MDROs at baseline regardless of the MDRO colonization status at follow-up; and group 4, patients exposed to antimicrobials who did not have MDROs either at baseline or at follow-up (MDRO nonacquisition). To compare the fecal microbiome of our study subjects with that of persons in the community, an external control group (group 5) was also included. This group consisted of healthy persons, >50 years old, living in the United States. Data for these patients was obtained from the Human Microbiome Project database. The publically available V4 region sequences of the bacterial 16S ribosomal RNA (rRNA) gene were obtained from the MG-RAST server under accession number qiime:850 [12] .
Microbiological Methods
Rectal samples were obtained using a sterile double-tipped swab (Starswab II; Starplex Scientific) inserted 0.5-1 cm into the anus, and they were processed within 1-2 hours after collection. MDRO identification was performed on both baseline and follow-up swab samples, using the first tip of the swab. The second tip was placed in a vial containing 20% glycerol and stored at −80°C for the subsequent microbial community profiling of baseline swab samples. Identification of MDROs and antimicrobial susceptibility testing was performed as described elsewhere, in accordance with Clinical and Laboratory Standards Institute methods [11, 13] .
Amplicon Generation and High-Throughput Sequencing DNA was extracted from baseline samples by enzymatic digestion and bead-beating steps, followed by the use of the QIAamp Stool DNA Mini Kit (Qiagen), according to the manufacturer's protocol. After determining the concentration of the extracted DNA by Nanodrop, 16S rRNA gene amplicons were generated by polymerase chain reaction (PCR) with a bar-coded primer set targeted to the V4 variable region, as described elsewhere [14] . PCR reactions were carried out in triplicate and then pooled; reactions yielding no amplicons or those for which negative controls were positive were repeated. The DNA concentration of each successful PCR was determined with a Quanti-iT assay (Invitrogen), according to the manufacturer's recommendations. Amplicons were then pooled in equimolar concentrations, purified using Agencourt Ampure XP beads (Beckman-Coulter), and sequenced on an Illumina MiSeq Sequencer at the Tufts University Core Facility, using a paired-end-250-base pair protocol, with reads merged as described elsewhere [14] .
Statistical Methods and Bioinformatics
Patient-Level Analysis
Clinical and demographic characteristics of the study population were described by reporting means with standard deviations (SDs) or medians with interquartile ranges for continuous variables and absolute frequencies with percentages for categorical variables. Relevant characteristics were compared between [11] .
groups using analysis of variance or Kruskal-Wallis rank test for continuous and Fisher exact test for categorical variables. A significance level of P < .05 was used for all statistical tests. All statistical analyses were performed using Stata software, version 13.0 (StataCorp).
Fecal Microbiome Assessment
The community characteristics of the fecal microbiota were determined by comparing alpha and beta diversity metrics between the groups of hospitalized patients and the external control group. To detect signatures in the fecal microbiome potentially associated with protection and/or risk of MDRO acquisition, features were compared specifically between the group of patients who acquired MDROs (group 2) and the group that did not (group 4). Initial bioinformatics analysis was done using the QIIME (Quantitative Insights Into Microbial Ecology) software package, version 1.7 [15] . Sequences were demultiplexed and then clustered into operational taxonomic units (OTUs) based on ≥99% identity, using the UCLUST algorithm [16] . The most frequent sequence within each OTU was aligned using PyNAST [17] with the core reference database Greengenes for assignment of taxonomy and construction of an OTU table (closed reference OTU picking method) [18] . Differences in community composition between study groups were analyzed using both abundance-based distance metrics (weighted UniFrac) and incidence-based measures (unweighted UniFrac) [19, 20] . Differences in UniFrac distances between groups were tested using the analysis of similarity (ANOSIM) method. The relative abundances of bacterial taxa at any phylogenetic level between the groups were investigated using linear discriminant analysis effect size analysis [21] . An LDA score of 3.0 was set as a cutoff, and an α level of .05 was used for nonparametric testing between groups.
RESULTS
Study Population and Antimicrobial Exposure
From 27 May 2013 to 24 January 2014, a total of 201 patients were approached; of these, 81 patients signed the informed consent form, of whom 49 (60.5%) completed the study with collection of both baseline and follow-up samples. A total of 32 patients (39.5%) were discharged before follow-up swab samples could be obtained and were therefore excluded from the study. Five patients were excluded owing to unsuccessful sequencing of the baseline sample, leaving a final study population of 44 patients.
There were no significant differences in demographic and clinical characteristics among groups 1-4, with the following exceptions: residency in a healthcare-associated facility in the previous 12 months, with 100% of subjects in group 3 (P = .04), and reason for admission (infectious disease), with 0% in group 1 (P < .01). The total intervals from admission to baseline swab samples and from baseline to follow-up swab samples were not significantly different among groups (P = .49 and P = .09, respectively) ( Table 2 ).
All 4 groups were exposed to antimicrobials in the 12 months before admission (P = .12). The number of antimicrobial courses in the prior 12 months differed significantly between groups (P = .01), with greater exposure among those colonized at baseline (group 3) (Supplementary Table 1) . Thirty-six patients (81.8%) were exposed to antimicrobials during their hospitalization (groups 2-4) and were receiving antimicrobials at the time of both baseline and follow-up swab samples. Thirty-one patients (86.1%) received combinations of ≥2 antimicrobials. The mean (SD) number of antimicrobials received at the time of the baseline sample was 3.0 (1.4), without significant differences between groups (P = .46). The antimicrobials most frequently used during hospitalization were intravenous vancomycin (61.1% of patients), β-lactams (63.9%), and agents with antianaerobic activity (69.4%). There were no significant differences in the types of antimicrobials received during hospitalization between patients who acquired MDROs (group 2) and those who did not (group 4), except for cefazolin (P < .01) (Supplementary Tables 2 and 3) .
MDRO Colonization at Baseline and MDRO Hospital Acquisition
Eleven patients were colonized with ≥1 MDRO at baseline (group 3), among whom 7 (63.6%) had a history of MDRO colonization in the previous year. The MDROs isolated at baseline were Escherichia coli in 4 patients; Klebsiella pneumoniae, VRE, and methicillin-resistant S. aureus in 3 patients each; and Proteus mirabilis, Citrobacter freundii, and Pseudomonas aeruginosa in 1 patient each. MDRO acquisition (group 2) was detected in 7 patients (1 patient acquired 2 different MDROs). None were colonized with MDROs the year before admission. The acquired MDROs were VRE in 5 patients and E. coli, K. pneumoniae, and P. aeruginosa in 1 patient each.
16S rRNA Gene Sequencing Output
A total of 44 baseline perianal/rectal specimens were successfully sequenced. After quality filtering, the 44 specimens provided 3 638 570 high-quality 16S rRNA gene sequences, with a median of 84 752 (27 661) sequences per sample. All samples were analyzed at a sequencing depth of 7300 sequences per sample, close to the saturation point for new species discovery. A total of 5057 unique OTUs were identified from sequenced specimens.
Microbial Community Assessment of Baseline Samples
Alpha Diversity
At baseline, the median Shannon diversity index differed significantly between study groups, as did the median number of observed species (overall P < .01 for each metric) (Figure 1 ). Other alpha diversity indicators calculated showed similar results (Supplementary Table 4 ). Healthy controls (group 5) presented the highest alpha diversity. Among groups 1-4, patients not exposed to antimicrobials (group 1) presented the highest diversity. In contrast, the patients exposed to antimicrobials and with baseline MDRO colonization (group 3) had the lowest diversity (Figure 1 ).
Beta Diversity
The analysis of the community structure showed that samples of hospitalized subjects (groups 1-4) clustered separately from those obtained from healthy individuals (group 5). According to the ANOSIM analysis of weighted and unweighted UniFrac distances, the differences between groups were statistically significant (R = 0.58 and P = .001 for weighted and R = 0.70 and P = .001 for unweighted UniFrac distances) (Figure 2) . In addition, the intragroup distances among healthy controls were significantly lower than the distances within each group of hospitalized subjects, indicating that samples from healthy individuals were more similar to one another than were the samples from hospitalized patients (Supplementary Figure 1 ). Figure 1 . Alpha diversity analyses of the baseline samples show the comparison between groups at a sequencing depth of 7300 sequences per sample. Differences between groups were estimated using the Dunn multiple comparisons test as the posttest after a Kruskal-Wallis test for overall differences. Only statistically significant differences between groups are shown. *P < .05; † P < .001. Abbreviation: MDRO, multidrug-resistant organism. 
Fecal Microbiome Composition
Differentially abundant features at any phylogenetic level were analyzed, first comparing hospitalized patients and healthy individuals and then comparing hospitalized patients exposed to antimicrobials who acquired MDROs (group 2) or those who did not (group 4). Among hospitalized patients, the most abundant phyla were Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria. Compared with healthy controls, hospitalized subjects had higher relative abundance of Actinobacteria and lower relative abundance of Firmicutes and Clostridia. At the genus level, microbiota belonging to the genera Faecalibacterium, Bacteroides, Ruminococcus, Blautia, and Parabacteroides were more abundant among healthy controls. Conversely, well-recognized human pathogens, such as Escherichia spp. and Enterococcus spp., were more abundant among hospitalized subjects compared with healthy controls. The mean relative abundance of Escherichia spp. was 3.3% (SD, 12.7%) among hospitalized patients and <0.01% among healthy controls (P < .001). Similarly, for Enterococcus spp., the mean relative abundance was 4.5% (SD, 16.7%) among hospitalized patients and <0.01% among healthy controls (P < .001) (Supplementary Figure 2) . Analysis of features that were differentially abundant between patients who acquired MDROs and those who did not (groups 2 and 4, respectively) showed that patients who remained uncolonized with MDROs during their hospitalization had a statistically significant and biologically consistent higher Lactobacillus spp. abundance compared with the group that acquired MDROs. Because prior studies have shown that the relative abundance of Lactobacillus spp. in healthy human subjects is 0.01%, with a 10-fold increase if exposed to antimicrobials [22, 23] , we used a relative abundance of 0.1% to categorize patients into high or low Lactobacillus abundance groups. According to this classification, the risk ratio for remaining uncolonized with MDROs among patients with high Lactobacillus abundance (≥0.1%) was 1.78 (95% confidence interval, 1.09-2.91; P = .02). Finally, a higher abundance of taxon WAL 1855_D was observed among patients who acquired MDROs (Figure 3 ).
DISCUSSION
In this study, we compared the fecal microbiome composition and structure between (1) hospitalized patients and healthy controls and (2) hospitalized patients who acquired MDROs and those who did not. When hospitalized patients were compared with healthy controls, relevant differences were identified. First, the fecal microbiome of hospitalized patients was significantly reduced in bacterial diversity, a finding possibly due to extensive prior antimicrobial exposure [6, 24] . The impact of reduced diversity in hospitalized patients has yet to be determined. Data from prior studies have shown that reduced diversity is associated with C. difficile infection, VRE bacteremia, and poor clinical outcomes [25] [26] [27] . Second, community composition differed remarkably between healthy controls and hospitalized patients. Although higher relative abundances of anaerobes, such as Blautia spp. [28] , were more commonly found among healthy controls, the fecal microbiome of hospitalized patients had comparatively greater abundance of Escherichia spp. and Enterococcus spp. This finding probably explains the predominance of nosocomial infections caused by these organisms.
Comparison of the fecal microbiome of patients exposed to antimicrobials who acquired MDROs during hospitalization and those who did not also identified potentially important differences in microbiome abundances. In particular, high relative abundance of Lactobacillus spp. was a signature of the fecal microbiome of patients who remained uncolonized with MDROs. The difference in Lactobacillus spp. abundance was found in samples obtained during the first 48 hours of hospitalization, preceding detection of MDROs by several days. Important confounders, such as duration of follow-up, and antimicrobial exposure before MDRO acquisition were similar between those who acquired MDROs and those who did not. These findings suggest that Lactobacillus spp. may play a role in protecting the human host against MDRO acquisition. Numerous other commensal bacteria that confer protection against intestinal pathogens have been identified. Examples include Bacterioides thetaiotaomicron, which secretes a factor that represses toxin production by enterohemorrhagic E. coli [29] , Barnesiella intestihominis, which reduces the risk of VRE colonization [9] , and Clostridium scindens, which protects against C. difficile [30] .
Studies have also identified beneficial effects specific to the presence of Lactobacillus spp. In 1 study of patients with C. difficile infection, coadministration of Lactobacillus spp. [31] with oral vancomycin prevented recurrences more frequently than treatment with oral vancomycin alone [32] . Another study showed that a high Lactobacillus spp. abundance was a microbial signature associated with colonization resistance against C. difficile infection [33] . Several controlled clinical trials have shown a benefit of using Lactobacillus spp. as a probiotic in the treatment of infectious diarrhea in children and in preventing antimicrobial-associated diarrhea [31] . In contrast, a recent study did not find a beneficial effect of Lactobacillus rhamnosus in preventing MDRO acquisition; however, this study was limited by a small sample size and the use of a single Lactobacillus species at a small dose [34] . The association between the presence of Lactobacillus spp. and lack of MDRO acquisition we observed does not prove a causal role. The properties of Lactobacillus spp., including growth inhibition of several pathogens, direct bactericidal effects, and competitive exclusion of pathogenic bacteria, provide biological plausibility for a causal role [35] . This should be further investigated in animal models and in larger human studies, including longer follow-up periods, assessment of resistance determinants, and characterization of the Lactobacillus species associated with a beneficial effect. The association between the uncommon bacterial taxon, WAL 1855D and MDRO acquisition will require further investigation.
Our study has several limitations. First, our small cohort is subject to unrecognized bias. Second, MDROs were detected using rectal swab samples, which have a low sensitivity if patients are not receiving antimicrobials [11, 36] . To avoid potential misclassification, only patients exposed to antimicrobials were considered for estimating associations between the fecal microbiome and MDRO acquisition. Third, as a cross-sectional analysis, our study did not account for the temporal variation of the human microbiome [22] . However, the goal of this study was to identify potential organisms associated with MDRO acquisition or its absence; therefore, only baseline swab samples, collected before the outcome of interest, were examined. Finally, in-hospital antimicrobial exposure was similar between patients who acquired MDROs and those who did not, with the exception of cefazolin exposure, which was more frequent in the group that acquired MDROs. Because patients received many other antimicrobials concurrently, the difference in cefazolin exposure is unlikely to explain differences in MDRO acquisition or microbiome composition.
Although current strategies to control the emergence of MDROs have efficacy, including infection control efforts and antimicrobial stewardship programs, the continuous emergence of new resistant determinants [37] and the increasing MDRO prevalence across the globe [38] highlight the need for new therapeutic alternatives. Preventing MDRO acquisition by manipulating the human microbiome is a promising approach [39, 40] . This study provides data to support a possible role of Lactobacillus spp. in the prevention of MDRO acquisition.
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